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Integrated optical reflective amplified modulator for indoor millimetre wave radioover-fibre applications The use of a 35 GHz reflective electroabsorption modulator (REAM) monolithically integrated with a semiconductor optical amplifier (SOA) for indoor wideband analogue applications is demonstrated. Unlike REAMs, good performances over a wide range of input optical power and wavelength are observed, which mitigates the need for accurate control of the input signal, especially at remote sites where simplicity is strictly required. In addition, it provides amplification functions to compensate for the modulator insertion losses. The device exhibits an RF gain in excess of −22 dB and spuriousfree dynamic range of >103 dB Hz 4/5 . Implementing the rate-adaptive discrete-multitone modulation, 35 Gbit/s aggregate transmission speed is demonstrated for a short-range wideband subcarrier multiplexed radio-over-fibre system.
Introduction: Driven by the ever increasing number of wireless devices and demand for high data rates, a booming volume of wireless data has to be carried by indoor networks, where most of the Internet traffic originates. The radio-over-fibre (RoF) technology is a promising solution to transport broadband wireless data to/from radio access points (RAPs) fixed in every room that form femto-cells as shown in Fig. 1 [1, 2] . It takes advantage of the excellent characteristics of single-mode optical fibre such as very low optical loss, ultra-wide bandwidth and no electromagnetic interference. Remotely controlled wavelength-agnostic reflective upstream transmitters (with centralised light sources in the headend site) are preferred to implement simpler and more cost-efficient RAPs that can offer high-speed services [3] . Recently, a reflective electroabsorption modulator (REAM) integrated with an semiconductor optical amplifier (REAM-SOA) (see Fig. 1a ) has gained significant interest in wavelength division multiplexed fibre-to-the-home passive optical networks with digital modulation (on-off keying) [4] . An REAM-SOA has great potential as a wavelength-agnostic, low-loss and high-speed transmitter for shortrange RoF systems such as for indoor applications, especially at RAPs where cost-efficiency and simplicity are of paramount importance. A modulator should be characterised differently for RoF applications. RF gain and dynamic range are critical parameters in RoF systems, in addition to low driving voltage, large bandwidth and low insertion loss.
Hence, in this Letter, we experimentally investigate an REAM-SOA chip as a modulator in an RAP. Measurement results of insertion loss, RF gain and linearity of the REAM-SOA chip as well as a subcarrier multiplexed RoF transmission experiment are presented. An REAM is a nonlinear device with an exponential transfer function, and its analogue performance is known to be sensitive to the input optical power and wavelength. A high RF gain and a wide operation range can be realised for RoF applications by carefully driving the SOA in the REAM-SOA structure. It is shown that the SOA also acts as a stabiliser for the REAM, hence resulting in similar analogue performances for a wide range of input optical power. This avoids the strict control of the input optical signal, thus simplifying the control at the RAPs.
Device fabrication: A photograph of the fabricated and wire-bonded device is shown in the inset of Fig. 1b . The device consists of a 400-μm-long SOA monolithically integrated with a 70-μm-long REAM. The active structure is composed of ten tensile-strained quantum-wells between two separate confinement heterostructure layers. The contact separation between the REAM and the SOA was realised by proton implantation resulting in an inter-section resistance of 10 6 Ω. The SOA gain spectrum maximum was positively detuned from the REAM absorption edge in order to obtain amplification in the REAM working spectral range. The gain spectrum shift gives rise to an enhanced performance allowing larger gain and spectral ranges, and fast modulation dynamics. The fabrication process is detailed in [4] .
As shown in the inset of Fig. 1 , the REAM-SOA is mounted on a high-frequency submount and bonded with an RF micro-strip for electrical connection of the REAM (50 Ω impedance matched). The other side of the RF micro-strip line is connected to an RF cable using a commercially available V-flange mount connector. The SOA is bonded and connected with electrical feedthroughs in the package. The optical connection is realised with a lensed fibre.
Experimental setup and results: An experimental setup as shown in Fig. 2 was used to carry out measurements. We first carried out insertion loss, RF gain and nonlinearity measurements to investigate the analogue performance of the REAM-SOA. A tunable laser source at 1551 nm wavelength and an RF carrier of 13 GHz with a power of −10 dBm were used for the insertion loss and RF gain measurements. To assess nonlinearities, spurious-free dynamic range (SFDR) measurements were carried out with input RF tones of 13 and 13.1 GHz. The signal was received and analysed using a photodiode and an electrical spectrum analyser. Fig. 2 RoF experiment setup using REAM-SOA chip (inset: electrical spectrum of multiplexed radio signal) Fig. 3a depicts the insertion loss of the device when the SOA was biased at 120 mA current and the input optical power was 0 dBm at different wavelengths for varying REAM bias voltages. Lossless operation over a wavelength range of >40 nm was observed. At wavelengths in the range 1540-1560 nm an insertion gain >7.5 dB was measured. A small gain ripple was detected because of residual cavity feedback. Insertion gain in excess of 20 dB is possible for low input optical power levels as demonstrated in Fig. 3b . Fig. 4 shows the RF gain at varying REAM and SOA biases, and input optical power. As can be seen from Fig. 4a , the optimum REAM bias stayed at −1.25 V when the input optical power was above −6 dBm. Performance of REAMs is very sensitive to the input optical power [5] . Owing to the nonlinearity of the gain provided by the SOA in the REAM-SOA, the optical power that reaches the REAM is stabilised; hence, the RF gain will only vary slightly. Indeed, as shown in Fig. 4b , with the REAM biased at its optimum point, the RF gain decreased <3 dB from −22 dB when the SOA was biased at 100 mA current. This means that strict control and tracking of the optical input power are not necessary, unlike in REAMs. It is well known that a high SFDR can be achieved when a modulator is biased at the null point of the third-order derivative of the transmission curve [6] . By biasing the REAM at −0.44 V instead of −1.25 V, a 15 dB improvement in the SFDR could be obtained, with about 4 dB reduction in the RF gain. Additionally, a fifth-order dependence on the input RF power can be seen in the third-order intermodulation distortion at this biasing condition [6] . We then carried out a data transmission experiment using a singlemode optical fibre of length 5 km between the RAP and the residential gateway (RG), representing an indoor link, as shown in Fig. 2 . The REAM-SOA was used as an upstream transmitter at the RAP which serves 60 GHz radio users. Since the licence-free bandwidth of 60 GHz radio signals is limited to 7 GHz and our REAM-SOA has a bandwidth of 35 GHz, we use subcarrier multiplexing to combine several 7-GHz-wide bands into the REAM-SOA's bandwidth, which is done by down-converting the RF bands separately using local oscillators and mixers. As a proof-of-concept, at the RAP an arbitrary waveform generator was used to generate two radio data signals (of bandwidth 6 GHz) with discrete-multitone modulation. One of the radio data signals was up-converted to 13 GHz and combined with the other radio data signal to form a subcarrier multiplexed radio signal (see the inset of Fig. 2) . Thus, two down-converted and multiplexed 60 GHz radio signals were emulated. Using the REAM-SOA, the multiplexed signal then modulated an optical carrier of 1551 nm wavelength sent from the RG. The input optical power to the REAM-SOA was −5 dBm, and the received optical power to a photoreceiver at the RG was kept at −8 dBm.
Maximum transmission rates of 17 and 18 Gbit/s were achieved for the radio signals at an average BER <10 −3 . The radio signal at baseband showed a slightly worst performance than the radio signal at 13 GHz frequency because of the bias-T included for biasing the REAM-SOA modulator. This is also visible in the signal-to-noise ratio (SNR), bit-loading profile and BER per subcarrier plot as shown in Fig. 6 . 
